Sphingolipids are structural components of cell membranes that have signaling roles to regulate many activities, including mitochondrial function and cell death. Sphingolipid metabolism is integrated with numerous metabolic networks, and dysregulated sphingolipid metabolism is associated with disease. Here, we describe a monogenic yeast model for sphingolipid accumulation. A csg2Δ mutant cannot readily metabolize and accumulates the complex sphingolipid inositol phosphorylceramide (IPC). In these cells, aberrant activation of Ras GTPase is IPC-dependent, and accompanied by increased mitochondrial reactive oxygen species (ROS) and reduced mitochondrial mass. Survival or death of csg2Δ cells depends on nutritional status. Abnormal Ras activation in csg2Δ cells is associated with impaired Snf1/AMPK protein kinase, a key regulator of energy homeostasis. csg2Δ cells are rescued from ROS production and death by overexpression of mitochondrial catalase Cta1, abrogation of Ras hyperactivity or genetic activation of Snf1/AMPK. These results suggest that sphingolipid dysregulation compromises metabolic integrity via Ras and Snf1/AMPK pathways.
Sphingolipids are critical structural molecules in cell membranes, forming membrane microdomains by associating with cholesterol and specific proteins. 1 Sphingolipid metabolites are also important signaling molecules linked to multiple other metabolic pathways with kinases and phosphatases as regulatory targets. 2, 3 Sphingolipids have roles in numerous cell processes, including regulation of mitochondrial function, cell death and aging. 2, 4 Cellular sphingolipid homeostasis is maintained by control of synthesis, breakdown and interorganellar transport of sphingolipid metabolites. 1 The importance of sphingolipids is underscored by several lysosomal storage disorders, including Tay Sachs, Gaucher and Nieman-Pick diseases, which are attributable to defective sphingolipid breakdown; similarly, a hereditary sensory neuropathy is caused by accumulation of abnormal sphingolipid metabolites. 5 Sphingolipids are regulated in response to metabolic need by the TOR signaling network that operates in two multiprotein complexes, TORC1 and TORC2. 6 TORC1 participates in coordinating cell growth with nutrient availability; cell growth is regulated via numerous effectors, including those promoting protein synthesis, ribosome biogenesis and cell cycle progression. In response to nitrogen deprivation, TORC1 signaling is inhibited and the first step in sphingolipid synthesis is derepressed via phosphorylation of the negative regulators, Orm1 and Orm2. 7, 8 The TORC2 signaling pathway also phosphorylates the Orm proteins to derepress sphingolipid synthesis, and regulates ceramide synthase, which catalyzes a central step in sphingolipid synthesis. 9, 10 Calcium-mediated signaling also participates in regulating sphingolipid homeostasis. The Ca 2+ -dependent phosphatase calcineurin antagonizes TORC2 activation of ceramide production, 10 and together with the Ca 2+ regulated transcription factor Crz1 represses sphingolipid synthesis by activating ORM2 transcription. 11 Recent work shows that Snf1/AMPK, a key regulator of energy metabolism, responds to changes in sphingolipid homeostasis. 12, 13 These pathways involved in regulating and responding to sphingolipids are evolutionarily conserved.
In Saccharomyces cerevisiae, the early steps in sphingolipid synthesis are similar to those in mammalian cells and take place in the endoplasmic reticulum (ER). As in mammalian cells, newly synthesized ceramide in yeast is transported from ER to Golgi to form complex sphingolipids. In yeast, a phosphoinositol head group is added to ceramide to form inositol phosphorylceramide (IPC), a complex sphingolipid. Two additional complex sphingolipids, MIPC and M(IP)2C are produced upon IPC mannosylation and attachment of a second phosphoinositol head group, respectively. IPC mannosylation is catalyzed by two enzyme complexes, Csg1/Csg2 and Csg2/Csh1. 14 In csg2Δ cells, IPC builds up and Ca
2+
accumulates concomitantly. In csg2Δ cells as in mammalian cells accumulating complex sphingolipids, there is also increased production of reactive oxygen species (ROS).
the major nutrient sources, carbon and nitrogen. 16 Normally, when cells are challenged by nitrogen deprivation or loss of even a single essential amino acid, increased electron transport chain (ETC) activity is required even in cells growing in plentiful glucose when they engage predominantly in fermentative instead of respiratory metabolism. In csg2Δ cells, aberrantly activated Ras inhibits downstream signaling by Snf1/AMPK kinase, preventing the ETC from responding appropriately to nutritional status; the catastrophic result is massive ROS generation and rapid cell death. csg2Δ cells are rescued from ROS and death by overexpression of mitochondrial catalase to detoxify ROS, abrogation of Ras or genetic activation of Snf1/AMPK activity. Our results show that sphingolipid dysregulation interferes with mitochondrial regulation.
Results
Death of csg2Δ cells upon nitrogen deprivation is associated with ROS production. Perturbed sphingolipid synthesis in csg2Δ cells is associated with constitutively increased production of ROS, as revealed by bright dihydroethidium (DHE) staining throughout the cell (Figure 1a ). When these cells are challenged by deprivation of a nitrogen source or a single essential amino acid, cell numbers producing ROS are greatly increased. DHE fluorescence in wild-type cells growing in synthetic complete (SC) medium with glucose is faintly cytoplasmic, indicating no ROS generation; however, upon nitrogen deprivation, a slight increase in fluorescent mitochondrial puncta is apparent (Figure 1a ). ROS accumulation in csg2Δ cells is associated with cell death, as measured by colony-forming assay, with 10% viability after 4 h of nitrogen deprivation ( Figure 1b) ; absolute colony numbers are in Supplementary Table 1 . Propidium iodide staining confirms death of csg2Δ cells (Supplementary Figure 1A) . Few annexin V-FITC staining cells were observed during a time course of nitrogen deprivation (Supplementary Figure 1B) , suggesting death is non-apoptotic. Our results are consistent with a previous report that (csg1Δ csh1Δ) cells lacking enzymatic activity to mannosylate IPC die upon nitrogen deprivation. 17 Consistent with accumulating ROS, csg2Δ cells have increased sensitivity to oxidative stress (Supplementary Figure 1C) . As loss of Csg2 causes a block in a late step in the sphingolipid synthesis pathway (diagrammed in Figure 1c ), a genetic approach was taken to determine whether cell death is associated with accumulation of upstream sphingolipid precursors (quantitated by mass spectrometry in Figure 2b below) or loss of downstream complex sphingolipids. A kei1-1 csg2Δ double mutant was constructed to prevent IPC accumulation by a temperature-sensitive block in IPC synthase activity (Figure 1c and Sato et al. 18 ); these cells are largely resistant to death upon nitrogen deprivation (Figure 1b) . By contrast, ipt1Δ csg2Δ cells, with a block in the production of the final and most abundant complex sphingolipid M(IP) 2 C are not rescued from nitrogen deprivation-induced death. Moreover, a single ipt1Δ mutant resists cell death under these conditions (Figure 1b) . These results suggest that death of csg2Δ cells is accounted for by IPC accumulation rather than loss of downstream complex sphingolipids.
As the mitochondrial ETC is a major source of ROS, loss of mitochondrial DNA was induced to generate csg2Δ cells lacking a functional ETC. In csg2Δ rho0 cells, nitrogen deprivation-induced death is suppressed (Figure 1d) , and both constitutive and nitrogen deprivation-induced ROS production are suppressed (Figure 2a) . Similarly, addition of the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) to csg2Δ cells suppresses death (Figure 1d ), likely by abolishing ROS generation. 19 Both ROS and death in csg2Δ cells are abrogated by overexpression of mitochondrial catalase, encoded by CTA1, which detoxifies hydrogen peroxide generated from superoxide 20 ( Figures 1d and 2a) . These results support the hypothesis that ETC-generated ROS promotes cell death.
ROS production in csg2Δ cells is abrogated by removing glucose. Rescue from death in csg2Δ rho0 cells suggests that accumulated IPC may contribute to ROS generation by mitochondria. Lipid mass spectrometry shows that IPC is increased in csg2Δ cells; in isolated mitochondria, IPC level/mitochondrial protein is similar in wild-type and csg2Δ cells (Figure 2b ). Mitochondria in csg2Δ cells were examined by tetramethylrhodamine (TMRM) staining, which is sequestered by active mitochondria according to the membrane potential. 21 Control experiments show that TMRM fluorescence reflects mitochondrial membrane potential (MMP) as it is decreased by ETC inhibitors antimycin and rotenone, and the protonophore CCCP, and increased by the ATP synthase inhibitor triethyltin (TET) (Supplementary Figure 2A ). TMRM fluorescence is reduced in csg2Δ cells, indicating diminished relative MMP (Figure 2c ). Additional images of TMRM fluorescence in csg2Δ cells are shown in Supplementary Figure 2B . The membrane potential reflects ETC activity; when wild-type cells growing exponentially in nitrogen-replete medium with 2% glucose are shifted to nitrogen-free medium for 1 h, the relative MMP is greatly increased (Figure 2c and Supplementary Figure 2C ). In agreement, nitrogen deprivation has been reported to increase respiratory metabolism in fermenting yeast and also human cells. 22, 23 By contrast with wild-type cells, constitutively lower MMP in csg2Δ cells fails to increase to a significant extent after 1-h nitrogen deprivation (Supplementary Figure 2C ). Loss of viability in csg2Δ cells correlates with inability to increase MMP. Notably, during nitrogen deprivation, removing glucose rescues viability in csg2Δ cells, and growth in a nonfermentable carbon source such as glycerol also prevents death by nitrogen deprivation (Figure 2d ). Altogether, these data suggest that susceptibility to death is glucose dependent, and associated with loss of MMP response to nitrogen deprivation.
O 2 consumption reflects ETC activity. During exponential growth in plentiful glucose and nitrogen, respiration in wildtype cells is repressed in favor of fermentation, even in air; this is called the Crabtree effect. 16 Under these conditions, the ETC maintains low activity as revealed by a MMP (Figure 2c When respiration is completely derepressed during growth on glycerol, wild-type as well as csg2Δ cells have much higher O 2 consumption (note scale of axis in Figure 3b , right); remarkably, under respiratory conditions, O 2 consumption of csg2Δ cells is not impaired, and respiration is further increased upon nitrogen deprivation in wild-type as well as csg2Δ cells (Figure 3b , right panel). In cells growing in glycerol, respiration in isolated mitochondria is identical in wild-type and csg2Δ cells (Supplementary Figure 3) . Thus, mitochondrial defects in csg2Δ cells are linked to repression of respiration by glucose. Figure 1 Increased ROS production during nitrogen deprivation leads to rapid cell death of csg2Δ cells. (a) ROS accumulate constitutively in csg2Δ cells. WT and csg2Δ cells exponentially growing in SC medium or shifted to nitrogen-depleted medium for 1 h were stained with DHE. Fluorescence images from cells ± nitrogen deprivation were imaged for the same exposure time and adjusted using identical Photoshop settings. Images of csg2Δ cells were adjusted to a lesser intensity than that of wild type because DHE fluorescence is much brighter in csg2Δ cells. (b) Nitrogen deprivation induces rapid cell death in csg2Δ cells. Cells exponentially growing in SC medium were washed with water, and shifted to SC without leucine or nitrogen deprivation medium for 4 h (-N). Cell viability was assayed by colony-forming assay, expressed as a percentage of cells plated without nitrogen deprivation (+N). Absolute colony numbers for cell viability assays are in Supplementary Table 1. kei1-1 csg2Δ cells were assayed at 30°C, the semi-permissive temperature. 18 Mean values from n ≥ 3 with error bars indicating S.E.M. (c) Simplified diagram of sphingolipid synthesis pathway including major intermediates, and relevant proteins catalyzing specific steps. (d) As in (b). Expression of Cta1 catalase activity was induced by washing cells with water and incubating in methionine-free SC-uracil medium for 3 h before nitrogen deprivation. Mitochondrial catalase activity was increased 430 × after induction of the MET17 promoter by comparison with that in cells without the pMET-CTA1 construct Mitochondrial mass is reduced in csg2Δ cells. To account for reduced O 2 consumption in csg2Δ cells exponentially growing in glucose, western blot was used to survey mitochondrial protein levels. Figure 3c shows the level of the ETC component, Cox2p, subunit II of cytochrome c oxidase (COX; ETC complex IV) is significantly reduced in csg2Δ cells (to~30% of wild-type) when growing in glucose but not in glycerol or during the post-diauxic shift (PDS). The level of mitochondrial outer membrane porin, Por1/VDAC, is similarly diminished selectively during growth in glucose (Figure 3c ).
Cox2 is a COX catalytic core component encoded by a mitochondrial gene, 24 whereas Por1 is encoded by a nuclear gene. To understand reduced Cox2 levels in csg2Δ cells, mitochondrial copy number of the COX2 gene was estimated by PCR, and normalized to nuclear ACT1 DNA. Mitochondrial mass in csg2Δ cells is~0.2-0.4 that in wild-type cells (Figure 3d ), accounting for decreased levels of Cox2 protein and decreased O 2 consumption. By contrast, nuclear POR1 DNA, normalized to nuclear ACT1 DNA, in csg2Δ cells is similar to that in wild-type, suggesting the possibility that decreased Por1 protein in csg2Δ cells is a post-translational effect, caused by decreased mitochondrial import or stability.
Activation of Ras signaling in csg2Δ cells. As the signaling GTPase, Ras, is a key regulator of cellular response to glucose and responds to mitochondrial dysfunction, 25 Ras signaling was examined in csg2Δ cells by visualizing localization of an RBD-GFP construct, comprised of a Ras-GTP binding domain fused to GFP. 26 As reported previously, RBD-GFP is predominantly localized intracellularly in exponentially growing wild-type cells, visualized as cytosolic and 27 ). By contrast, RBD-GFP localization at the plasma membrane is increased in cells expressing constitutively active Ras2
Val19 (Figure 4a, left panel) . Similarly, RBD-GFP fluorescence and plasma membrane localization in csg2Δ cells suggest accumulated activated Ras (Figure 4a, left  panel) . Importantly, IPC accumulation induces Ras activation as RBD-GFP localization to the plasma membrane is diminished in kei1-1 csg2Δ as in wild-type cells (Figure 4a , left panel).
Cytoplasmic catalase (encoded by CTT1) is negatively controlled by Ras-mediated signaling. 28 As another indicator of Ras activity, cytoplasmic catalase activity was assayed in cell lysate after ETC perturbation with low doses of antimycin (inhibitor of complex III), azide (inhibitor of COX) or CCCP in exponentially growing cells. Cytoplasmic catalase activity is decreased in response to impaired ETC function although cell viability is not affected (Figure 4b) . These results support activation of Ras by mitochondrial dysfunction. In csg2Δ cells, cytoplasmic catalase activity is significantly reduced, similar to that in cells expressing constitutively active RAS2 Val19 (Figure 4a, right panel) . Mitochondrial catalase was assayed in isolated mitochondria, and this activity is also decreased in cells expressing Ras2
Val19 as well as in csg2Δ cells (Supplementary Figure 4A ). Hyperactive Ras2
Val19 also increases heat shock sensitivity, 29 and csg2Δ cells have diminished viability after heat stress (Supplementary Figure 4B) . Taken together, three independent assays show that Ras is constitutively activated in csg2Δ cells.
Ras activation is dependent on ample glucose; upon glucose depletion during PDS or growth in glycerol, increased cytoplasmic catalase activity reflects Ras inactivation (Figure 4c ). So during nitrogen deprivation (in the presence of glucose) in wild-type cells, cytoplasmic catalase activity is increased, indicating Ras inactivation (Figure 4c) . Conversely, hyperactive Ras2
Val19 prevents increased MMP during Cells exponentially growing at 30°C were visualized by fluorescence microscopy. Right panel, cytoplasmic catalase activity (n = 3). Expression of Ras2 Val19 was induced by washing cells with water and incubating in methionine-free SC-uracil medium for 1 h. (b) ETC inhibition activates Ras. Antimycin A (100 μM), azide (10 μM) and CCCP (10 μM) were added to cells exponentially growing in SC for 2 h. Catalase activity was measured in cell lysates as described in Materials and methods section, and expressed as U/mg protein; n = 3 experiments ± S.E.M. (c) Ras activity in mid-log cells shifted from SC 2% glucose to SC minus glucose or nitrogen deprivation medium for 1 h. Cytoplasmic catalase activity was also measured in cells during PDS, and growing in SC 3% glycerol; n = 3 ± S.E.M.
(d) Effect of hyperactive Ras2
Val19 on cell viability, as assayed in Figure 4C) . In csg2Δ cells during PDS or growth in glycerol, cytoplasmic catalase activity is increased to a lesser extent than in wild-type cells (perhaps because Ras is initially in a more activated state). During nitrogen deprivation in csg2Δ cells, cytoplasmic catalase activity fails to increase, indicating that aberrantly activated Ras cannot respond normally to the nutritional cue (Figure 4c) .
Simply removing glucose can rescue csg2Δ cells from death during nitrogen deprivation (Figures 2d and 4d, left  panel) , but hyperactive Ras2
Val19 bypasses this effect (Figure 4d, left panel) . Even without nitrogen deprivation, expression of Ras2
Val19 for 3 h in csg2Δ cells increases ROS generation (data not shown) with death ensuing (Figure 4d Dysregulation of the Snf1/AMPK pathway. Repression of mitochondrial function by glucose is regulated by Snf1 kinase, the founding member of the AMP-activated protein kinase family that modulates energy homeostasis. 16, 30 In plentiful glucose, Snf1 is negatively regulated by Glc7 protein phosphatase and the Snf1-binding adaptor Reg1; Snf1 becomes constitutively activated in reg1Δ cells 31 (diagrammed in Figure 5a ). Figure 5a shows that even in the presence of glucose, reg1Δ cells are derepressed for expression of ADH2, a downstream reporter of Snf1 activity. 32 If death of csg2Δ cells is a consequence of aberrant signaling downstream of Ras, loss of Reg1 is predicted to correct the defect. Indeed, upon nitrogen deprivation, reg1Δ csg2Δ double mutants are rescued from ROS accumulation (Supplementary Figure 5A) and death (Figure 5b ). Mitochondrial biogenesis is derepressed in reg1Δ csg2Δ cells growing in glucose, as revealed by substantial increases in mitochondrial proteins (Figure 5c ). Providing further support for requisite Snf1 activation during nitrogen deprivation, csg2Δ cells are rescued from death by a constitutively active Snf1-G53R 33 ( Figure 5b) . A model depicting suppression of Snf1 activity by aberrant Ras activation in csg2Δ cells is shown in Figure 5d . If nitrogen deprivation requires Snf1 activation, snf1Δ cells should not survive. As predicted, snf1Δ cells die with ROS accumulation upon nitrogen deprivation (Figure 5b, Supplementary  Figure 5B ). Moreover, O 2 consumption is constitutively decreased in snf1Δ cells (Figure 4f ), consistent with a Snf1 requirement for mitochondrial biogenesis. 30 
Discussion
A major finding in this article is that accumulation of the complex sphingolipid IPC in csg2Δ cells causes nutrientdependent mitochondrial dysfunction and ROS generation (Figures 1 and 2) . Aberrant Ras activation is a consequence of IPC accumulation in csg2Δ cells as it is prevented in kei1 csg2Δ double mutant cells (Figure 4a) . Ras signaling has previously been shown to have a necessary role in response to impaired or reduced mitochondrial function. 25 Indeed, when the ETC is acutely impaired by inhibitors, Ras signaling is activated (Figure 4b ). In addition, when COX assembly is impaired in the absence of Cox4, 34 there is a slight increase in activated Ras, reflected by decreased cytoplasmic catalase activity and heat shock sensitivity (Figure 4a, Supplementary  Figure 4B) . Thus, mitochondrial impairment in csg2Δ cells may contribute to Ras activation. At present, however, we cannot rule out the possibility that lipid-anchored Ras is activated in csg2Δ cells by being inappropriately recruited to sphingolipid-enriched membranes.
In csg2Δ cells, Ras hyperactivation and mitochondrial dysfunction are linked. It is possible that Ras hyperactivation reduces mitochondrial mass in csg2Δ cells to~0.3 that of wild-type cells, as reflected by decreased levels of mitochondrial DNA and proteins (Figure 3 ). Ras and its major effector, the PKA signaling pathway, serve as key regulators of mitochondrial function in response to nutritional status. 16 In glucose, hyperactive Ras Val19 reduces O 2 consumption in wild-type cells (Figure 4f and Kim et al. 35 ), and in csg2Δ cells, O 2 consumption is also reduced. Most importantly, aberrantly active Ras abrogates response to nitrogen deprivation in csg2Δ cells (Figure 3b, Supplementary Figure 2C) ; we propose this acute respiratory response is a protective mechanism in fermenting yeast as well as humans. 22, 23 Increased ETC activity and O 2 consumption during stress, including nitrogen deprivation, has been suggested to restrict ROS production by increased efficiency of electron transfer. 19, 36 ROS production in csg2Δ cells is increased during nitrogen deprivation because the cells are unable to make a metabolic shift to increase respiration, and prevent electron leakage from the respiratory chain to limit ROS production. Nitrogen deprivation signals may also act as a metabolic checkpoint to suppress ATP-consuming activities needed for cell growth and proliferation. 37 Increased ETC activity (eliciting a dramatic increase in MMP but relatively small increase in O 2 consumption) in response to nitrogen deprivation may act as a signaling mechanism to restrict cell growth and proliferation.
During cellular response to nitrogen deprivation, Ras is inhibited in wild-type cells, as reflected by increased cytoplasmic catalase activity; by contrast, in csg2Δ cells, Ras is persistently activated (Figure 4c ), leading to increased ROS production and death. Death in csg2Δ cells requires a functional ETC generating ROS (Figures 1d and 2a) . Death in csg2Δ cells is induced by glucose during nitrogen deprivation (Figure 2d ) because Ras activation requires glucose. 16 Paradoxically, during respiratory growth in glycerol, csg2Δ cells are rescued from death during nitrogen deprivation (Figure 2d ), implying that Ras can become inactivated in the absence of glucose in these cells but not in its presence.
During nitrogen deprivation, mitochondrial ROS production is increased in csg2Δ cells whereas defense against ROS is weakened, as mitochondrial and cytoplasmic catalase activities are reduced (Figure 4a, Supplementary Figure 4A) ; CTA1 overexpression has a rescue effect (Figures 1d and 2a) . Moreover, activation of several signaling pathways during nitrogen deprivation is predicted to have deleterious effects on sphingolipid build-up in csg2Δ cells. To reduce build-up of toxic IPC and/or other sphingolipid precursors in csg2Δ cells, sphingolipid synthesis is repressed. 11 During nitrogen deprivation, TORC1 repression leads to increased sphingolipid synthesis;
7,38 these conditions are likely to exacerbate IPC accumulation in csg2Δ cells. In addition, amino-acid deprivation is known to activate the Gcn4 transcription factor, which induces Npr1 kinase, also predicted to increase sphingolipid synthesis. 39 Finally, activated Gcn4 also targets PKA 39 whose increased activity should repress Snf1/AMPK activity.
Ras/PKA negatively controls Snf1/AMPK in response to nutritional condition. 40, 41 For instance, in plentiful glucose, it is well established that Ras is activated whereas Snf1 is repressed; Snf1 has a critical role in remodeling energy metabolism to increase oxidative phosphorylation upon glucose depletion. 42 As diagrammed in Figure 5d , in csg2Δ cells, chronic Ras activation and Snf1 inactivation during growth in glucose become unsustainable when cells are deprived of nitrogen. Indeed, constitutively activated Ras2
Val19 can bypass absence of glucose to induce death of csg2Δ cells during nitrogen deprivation (Figure 4d) . Similarly, in snf1Δ cells, nitrogen deprivation triggers death accompanied by ROS ( Figure 5 ). These results show that Snf1 activity is required to adjust mitochondrial activity depending on nutritional conditions, and Snf1 activation is essential for mitochondrial biogenesis to increase mitochondrial mass. 30 By contrast with csg2Δ cells in which Snf1 activity is impaired in conjunction with IPC accumulation, inhibiting sphingolipid synthesis (with myriocin) has been reported to induce Snf1 activity, resulting in upregulation of genes involved in oxidative phosphorylation. 12 ROS proliferation is a cellular phenotype shared by csg2Δ cells and human sphingolipidoses, diseases in which sphingolipids build-up abnormally. 15 Significantly, our work highlights mitochondria and associated metabolic pathways as targets of lipid toxicity. Dysfunctional AMPK signaling has been linked to human metabolic disease (including those induced by lipid overload) and cancer. 43 Moreover, involvement of Ras and AMPK pathways in regulating sphingolipid metabolism has been suggested in mammalian systems. 44, 45 Our results have implications for human disorders of lipid metabolism as well as obesity-related pathologies.
Materials and Methods
Media, strains and plasmids. Standard medium was as described. 46 Nitrogen sources in SC medium are all amino acids and 5 g/l ammonium sulfate. Strains were in the BY4742/4741 background except as noted. Deletion strains were confirmed by PCR and/or phenotypic analysis. Gene knockouts, marked by resistance to clonNAT, was by transformation with PCR products, as described; 47 primers available upon request. Some double mutants were constructed by cross and tetrad dissection. RhoO strains were induced by treating with ethidium bromide, as described.
48 pMET3-RAS2
Val19
, URA3-marked, was from Paul Herman, as described. 49 pIT517, a URA3-marked centromeric plasmid bearing HA-Snf1-G53R was from Sergei Kuchin, University of Wisconsin-Milwaukee, Milwaukee, WI, USA. pMET17-CTA1, a URA3-marked centromeric plasmid was from Paula Ludovico (University of Minho, Braga, Portugal). pRBD-GFP, a URA3-marked centromeric plasmid was from Campbell Gourlay, University of Kent, Canterbury, UK. 26 Cell viability assay, western blot, enzyme assay, cell staining with fluorescent dyes. For nitrogen deprivation, cells growing exponentially in SC medium with 2% glucose were washed with water, and then resuspended in yeast nitrogen base with 2% glucose. To assay cell viability after 4-h nitrogen deprivation, cells were diluted to 0.1 OD 600 /ml and then plated on YPD plates, and colonies were counted after 2 days. Supplementary Table 1 is an Excel file with absolute colony numbers for cell viability assays. For western blots, cell lysate was prepared by vortexing cells with glass beads with a protease inhibitor cocktail including 1 mM PMSF, as described previously. 51 Samples were normalized to protein content determined by Bradford assay. Antibody against Cox2, and porin were from Abcam (UK). Anti-PGK1 was from Molecular Probes (Eugene, OR, USA). Catalase activity was assayed by adding hydrogen peroxide to cell lysate and measuring the rate of decrease of absorbance at 240 nm, as described previously. 52 For detecting ROS, mid-log cells were washed with phosphate-buffered saline (PBS) and incubated with 5 μg/ml DHE for 15 min; cells were washed once and resuspended in PBS before visualizing with an Olympus (Japan) fluorescent microscope, and images were collected with a Hamamatsu (Japan) CCD camera. For measuring relative MMP in the non-quench mode, live cells were stained with TMRM (5 nM) for 30 min, and then visualized by fluorescence microscopy. DHE and TMRM fluorescence was quantitated by scoring 50 cells per experiment using Image J (NIH, Bethesda, MD, USA) software.
Lipid mass spectrometry. Cells were grown in YPD to late exponential phase (OD600 between 1 and 2). IPC were extracted from 10 OD units of cells using 95% ethanol, water, diethyl ether, pyridine and 4.2 N ammonium hydroxide in a ratio of 15 : 15 : 5 : 1 : 0,18 by volume as described in Guan et al. 53 Inositol containing lipids were analyzed in the negative ion mode on a Bruker Esquire HCT Ion Trap mass spectrometer (Billerica, MA, USA) using electrospray ionization at a flow rate of 180 μl/h and a spray voltage of 4 kV. The relative levels of inositol containing lipids were the same in all strains analyzed.
Mitochondrial isolation, O 2 consumption, mitochondrial mass measurement. Mitochondria were isolated as described 54 except the homogenization step was omitted; instead, spheroplasts were vortexed for 30 s in water, and then diluted with 1 volume of homogenization buffer. For oxygen measurements, mitochondria were resuspended in an isolation buffer consisting of 200 mM mannitol, 50 mM sucrose, 5 mM K 2 HPO 4 , 5 mM MOPS, 1 mM EGTA, 0.1% w/w BSA, pH 7.15.
Mitochondrial oxygen consumption was measured by adding isolated mitochondria to a respiration buffer consisting (107.5 mM KCl, 5 mM KH 2 PO 4 , 50 mM MOPS, 1 mM EGTA, 0.1% w/w BSA essentially fatty acid free, pH 7.2 using KOH) in a high resolution Orobos Oxygraph 2 K at 25°C and normalized based on total protein (100 μg). O 2 flux is determined by measuring the fall in O 2 concentration in the sealed oxygraph. For whole-cell oxygen consumption, exponentially growing cells were pelleted and resuspended in the specified medium at 20 OD 600 /ml. Cells were then added into the oxygraph chamber containing the same medium at a concentration of 2 OD 600 /ml and O 2 flux was followed. When indicated, TETand CCCP were added to a concentration of 10 mM.
Mitochondrial mass was measured by PCR of POR1 and COX2, and normalized to ACT1 from genomic DNA using primers for a small region of each gene (sequences available upon request).
